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Gold coated silica (Au@SiO2) nanoparticles have shown promise as optical transducers 
for biosensors because of their localized surface plasmonic resonance (LSPR) sensitivity to 
changes in surface refractive index. This study investigates the effects of shape, size, and 
structure on LSPR sensitivity of Au@SiO2 nanoparticles of spherical, rod, and ellipsoid 
geometries. LSPR sensitivity is defined as the shift in the peak surface plasmonic resonance 
wavelength per unit of refractive index change in the surrounding medium (Δλnm resonance 
/ΔRIU). Finite-difference time domain simulations are carried out with the software tool CST to 
examine key parameters of interest including particle size, shell thickness, and aspect ratio. 
These results were used as a guide for particle synthesis via Stöber silica core growth, APTES 
functionalization, and a two-step gold shell growth process. The absorbance spectrums of these 
particles were then taken in mixtures of glycerol and water with calculated refractive indices as a 
proxy for analyte binding. Both simulation and experiments show that rod shaped Au@SiO2 
nanoparticles had a maximum sensitivity of 969nm/RIU in the longitudinal resonance mode 
which was an improvement over most particles in the current literature. Overall this study 
displays a method to enhance LSPR-biosensors that can leverage the growing body of research 
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Developments in biosensing technology promise a paradigm shift in how cancer is 
detected and treated. In the United States, it is estimated that more than half a million cancer 
deaths will occur in 2019, making cancer the second leading cause of death.1 Worldwide, 
approximately one quarter of the population is predicted to die of cancer with lung (18.4% of 
cancer deaths), colorectal (9.2%), stomach (8.2%), liver (8.2%), and breast (6.6%) cancers 
contributing to the highest percentages of fatalities.2,3 It is well documented that early detection 
leads to better treatment and higher survival rates in these five cancers as well as numerous 
others.4,5,6,7,8,9,10,11 Current standards in clinical screening and diagnostics are expensive, time-
intensive, and complicated to perform, preventing them from being more widely adapted.4,6,7 
From 2012 to 2016, discrepancy in care led to cancer death rates that were 20% higher for 
residents of the poorest counties in the United States, with the largest gaps seen in the most 
                                                 
1 Siegel, R. L., Miller, K. D., & Jemal, A. (2019). Cancer statistics, 2019. CA: a cancer journal for clinicians. 
2 Hamilton, W. (2010). Cancer diagnosis in primary care. Br J Gen Pract, 60(571), 121-128. 
3 Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., & Jemal, A. (2018). Global cancer statistics 
2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: a cancer 
journal for clinicians, 68(6), 394-424. 
4 Hirsch, F. R., Franklin, W. A., Gazdar, A. F., & Bunn, P. A. (2001). Early detection of lung cancer: clinical 
perspectives of recent advances in biology and radiology. Clinical Cancer Research, 7(1), 5-22. 
5 International Early Lung Cancer Action Program Investigators. (2006). Survival of patients with stage I lung 
cancer detected on CT screening. New England Journal of Medicine, 355(17), 1763-1771. 
6 Lauby-Secretan, B., Vilahur, N., Bianchini, F., Guha, N., & Straif, K. (2018). The IARC perspective on colorectal 
cancer screening. New England Journal of Medicine, 378(18), 1734-1740. 
7 Leung, W. K., Wu, M. S., Kakugawa, Y., Kim, J. J., Yeoh, K. G., Goh, K. L., ... & Gotoda, T. (2008). Screening 
for gastric cancer in Asia: current evidence and practice. The lancet oncology, 9(3), 279-287. 
8 Yang, B., Zhang, B., Xu, Y., Wang, W., Shen, Y., Zhang, A., & Xu, Z. (1997). Prospective study of early detection 
for primary liver cancer. Journal of cancer research and clinical oncology, 123(6), 357-360. 
9 Nelson, H. D., Fu, R., Cantor, A., Pappas, M., Daeges, M., & Humphrey, L. (2016). Effectiveness of breast cancer 
screening: systematic review and meta-analysis to update the 2009 US Preventive Services Task Force 
recommendation. Annals of internal medicine, 164(4), 244-255. 
10 Etzioni, R., Tsodikov, A., Mariotto, A., Szabo, A., Falcon, S., Wegelin, J., ... & Feuer, E. (2008). Quantifying the 
role of PSA screening in the US prostate cancer mortality decline. Cancer Causes & Control, 19(2), 175-181. 
11 Messadi, D. V. (2013). Diagnostic aids for detection of oral precancerous conditions. International journal of oral 
science, 5(2), 59. 
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preventable cancers.12 Additionally, worldwide cancer incidence and mortality is growing due to 
the aging population and increased risk factors from socioeconomic development such as 
exposure to pollutants.13 Thus, there is a clear and demonstrated need for point-of-care screening 




 Most cancer patient outcomes are highly dependent on early detection and treatment. 
Currently, tissue biopsies are the standard clinical technique for gathering diagnostic and 
prognostic information for cancer patients.14 While this method provides valuable histological 
data, it also usually involves invasive needles or surgery which restricts its usability and can lead 
to complications.15,16,17,18 These methods also do not fully employ the presently growing body of 
research on the genomic basis of cancer, which provide important insights on the molecular 
pathology for effective treatment.19,20 Screening methods have also been generally shown to 
reduce the mortality risk in several varieties of cancer. Low dose CT in high-risk populations for 
                                                 
12 Siegel, R. L., Miller, K. D., & Jemal, A. (2019). Cancer statistics, 2019. CA: a cancer journal for clinicians. 
13 Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., & Jemal, A. (2018). Global cancer statistics 
2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: a cancer 
journal for clinicians, 68(6), 394-424. 
14 Messadi, D. V. (2013). Diagnostic aids for detection of oral precancerous conditions. International journal of oral 
science, 5(2), 59. 
15 Arneth, B. (2018). Update on the types and usage of liquid biopsies in the clinical setting: a systematic 
review. BMC cancer, 18(1), 527. 
16 De Bazelaire, C., Coffin, A., Cohen, S., Scemama, A., & de Kerviler, E. (2014). Biopsies in oncology. Diagnostic 
and Interventional Imaging, 95(7-8), 647-657. 
17 Perrault, J., McGill, D. B., Ott, B. J., & Taylor, W. F. (1978). Liver biopsy: complications in 1000 inpatients and 
outpatients. Gastroenterology, 74(1), 103-106. 
18 Gerrand, C. H., & Rankin, K. (2014). The hazards of biopsy in patients with malignant primary bone and soft-
tissue tumors. In Classic Papers in Orthopaedics (pp. 491-493). Springer, London. 
19 Gold, B., Cankovic, M., Furtado, L. V., Meier, F., & Gocke, C. D. (2015). Do circulating tumor cells, exosomes, 
and circulating tumor nucleic acids have clinical utility?: a report of the association for molecular pathology. The 
Journal of Molecular Diagnostics, 17(3), 209-224. 
20 Tadimety, A., Closson, A., Li, C., Yi, S., Shen, T., & Zhang, X. J. (2018). Advances in liquid biopsy on-chip for 
cancer management: Technologies, biomarkers, and clinical analysis. Critical reviews in clinical laboratory 
sciences, 55(3), 140-162. 
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lung cancer showed a 20% reduction in mortality in a trial of 53,454 people, and mammography 
presented a statistically significant breast cancer mortality risk reduction of 22% for women 
between the ages 50-69 across fourteen different trials.21,22 Yet these techniques are both 
expensive and can lead to misdiagnosis, including false-positives and false-negatives, which can 
cause potentially harmful overtreatment and stress on the patient.22, 23 
 
Trends Towards Liquid Biopsy 
 
 Liquid biopsy has shown promise as a minimally invasive diagnostic technology to detect 
cancer earlier, monitor development in real time, and obtain prognostic information for 
treatment.24 This technique involves the capture of tumor-indicative biomarkers found in bodily 
fluid samples, hence avoiding the need to remove and examine tumor tissue from the body which 
can be expensive, painful, time consuming, and complex to process.  Potential targets of liquid 
biopsy capture are cells, proteins, vesicles, and nucleic acids separated from the tumor into the 
blood, saliva, urine, or cerebrospinal fluid.25 Microfluidic lab-on-chip designs for liquid biopsy 
promise highly sensitive and fast results in one simple workflow for ease-of-use.26 Circulating 
tumor DNA (ctDNA) can be found disjointed from tumor cells in the bloodstream of cancer 
                                                 
21 Nelson, H. D., Fu, R., Cantor, A., Pappas, M., Daeges, M., & Humphrey, L. (2016). Effectiveness of breast cancer 
screening: systematic review and meta-analysis to update the 2009 US Preventive Services Task Force 
recommendation. Annals of internal medicine, 164(4), 244-255. 
22 National Lung Screening Trial Research Team. (2011). Reduced lung-cancer mortality with low-dose computed 
tomographic screening. New England Journal of Medicine, 365(5), 395-409. 
23 Huynh, P. T., Jarolimek, A. M., & Daye, S. (1998). The false-negative mammogram. Radiographics, 18(5), 1137-
1154. 
24 Hao, N., & Zhang, X. J. (2018). Microfluidic screening of circulating tumor biomarkers toward liquid 
biopsy. Separation & Purification Reviews, 47(1), 19-48. 
25 Tadimety, A., Closson, A., Li, C., Yi, S., Shen, T., & Zhang, X. J. (2018). Advances in liquid biopsy on-chip for 
cancer management: Technologies, biomarkers, and clinical analysis. Critical reviews in clinical laboratory 
sciences, 55(3), 140-162. 
26 Johann Jr, D. J., Steliga, M., Shin, I. J., Yoon, D., Arnaoutakis, K., Hutchins, L., ... & Yang, M. (2018). Liquid 




patients and is a biomarker of interest for molecular sensing. Currently, there is an ongoing trial 
employing ctDNA detection liquid biopsy methods for lung cancer patient diagnosis.27 Nucleic 
acid detection is particularly attractive for these applications because of the potential synergies it 
has with the growing body of research on cancer bioinformatics.28 ctDNA liquid biopsy therefore 
allows for a simplified and scalable platform that provides efficient and accurate information 
crucial for diagnosis, prognosis, and treatment monitoring at point-of-care.29,30 
 
Localized Surface Plasmon Resonance (LSPR) Based Biosensing 
 Surface plasmons are coupled oscillations of charge and electromagnetic wave that 
happens at the interface of negative and positive permittivity (𝜀) materials (i.e. metals and 
dielectrics).31 Noble metal nanoparticles in particular have demonstrated an enhanced ability to 
absorb and scatter light through resonant propagation of surface plasmons within the visible light 
spectrum.32 These localized surface plasmon resonance (LSPR) frequencies are highly sensitive 
to changes in localized surface dielectric function (another term for permittivity) making them 
                                                 
27 Johann Jr, D. J., Steliga, M., Shin, I. J., Yoon, D., Arnaoutakis, K., Hutchins, L., ... & Yang, M. (2018). Liquid 
biopsy and its role in an advanced clinical trial for lung cancer. Experimental Biology and Medicine, 243(3), 262-
271. 
28 Palmirotta, R., Lovero, D., Cafforio, P., Felici, C., Mannavola, F., Pellè, E., ... & Silvestris, F. (2018). Liquid 
biopsy of cancer: a multimodal diagnostic tool in clinical oncology. Therapeutic advances in medical oncology, 10, 
1758835918794630. 
29 Hao, N., & Zhang, X. J. (2018). Microfluidic screening of circulating tumor biomarkers toward liquid 
biopsy. Separation & Purification Reviews, 47(1), 19-48. 
30 Corcoran, R. B. (2019). Circulating Tumor DNA: Clinical Monitoring and Early Detection. Annual Review of 
Cancer Biology. 
31 Barnes, W.L., Dereux, A. & Ebbesen, T.W. Surface plasmon subwavelength optics. Nature 424, 824-30 (2003). 
32 Jain, P. K., Lee, K. S., El-Sayed, I. H., & El-Sayed, M. A. (2006). Calculated absorption and scattering properties 
of gold nanoparticles of different size, shape, and composition: applications in biological imaging and 
biomedicine. The journal of physical chemistry B, 110(14), 7238-7248. 
 5 
valuable for biosensing.33 Permittivity is frequency dependent and can be described by the 
complex dielectric function34: 
𝜀(𝜔)  =  𝜀’(𝜔)  +  𝑖𝜀”(𝜔)       (1) 
For bulk metals with negative permittivity, these values must be calculated theoretically and 
further modified when looking at thin films which will be discussed later.35,36 Figure 1 shows the 
two modes of resonance for gold nanorods for the transverse and longitudinal dimensions in an 
UV-Vis absorption spectrum. The LSPR peak locations are also highly dependent on the shape, 








Figure 1: Absorption spectrum showing the dual resonance modes of gold nanorods.37 
 The surface plasmonic resonance property of gold nanoparticles has been widely 
explored for a variety of biosensing platforms because of the high plasmonic sensitivity and 
                                                 
33 Brolo, A. G. (2012). Plasmonics for future biosensors. Nature Photonics, 6(11), 709. 
34 Olmon, R. L., Slovick, B., Johnson, T. W., Shelton, D., Oh, S. H., Boreman, G. D., & Raschke, M. B. (2012). 
Optical dielectric function of gold. Physical Review B, 86(23), 235147. 
35 Jain, P. K., Lee, K. S., El-Sayed, I. H., & El-Sayed, M. A. (2006). Calculated absorption and scattering properties 
of gold nanoparticles of different size, shape, and composition: applications in biological imaging and 
biomedicine. The journal of physical chemistry B, 110(14), 7238-7248. 
36 Averitt, R. D., Sarkar, D., & Halas, N. J. (1997). Plasmon resonance shifts of Au-coated Au 2 S nanoshells: 
insight into multicomponent nanoparticle growth. Physical Review Letters, 78(22), 4217. 
37 Tadimety A, Zhang Y, Tsongalis GJ, Zhang X. J. Screening circulating nucleic acids  of pancreatic ductal 













biocompatibility of the nanoparticles. LSPR biosensors, like most other biosensors, are 
comprised of capture, transduction, and analysis elements to convert biological conditions into 
analytical findings.38 In these sensors metal nanoparticles act as a transducer to convert analyte 
capture into a readable optical signal measured through an LSPR peak shift in absorption or 
extinction spectrums. Sensitivity is measured in nanometers of LSPR peak wavelength shift 
versus change in the surface refractive index of the rod. An example of peak shifting due to 
analyte binding is shown in Figure 2. Capture elements are attached to the surface of these 
transducing nanoparticles that specifically bind to biomarkers of interest. Marinakos et al. 
created a LSPR chip-based sensor with biotin conjugated gold nanorods to detect streptavidin in 
patient serum samples. This sensor had a sensitivity of 252 nm/RIU and a streptavidin detection 
limit of 1 μg/mL in patient serum samples.39 Additionally, Mayer et al. were able to develop a 
LSPR sensor flow cell to monitor antigen binding to gold nanorod conjugated with antibodies in 
buffer. The results showed a sensitivity of 170 nm/RIU and a detection limit of around 1 nM.40   
 Previous work has been conducted in the lab on trying to leverage plasmonic-based 
biosensing for ctDNA capture in patient serum samples. This platform is focused on the 
detection of pancreatic cancer because it is a notoriously difficult location to biopsy and among 
one of the most fatal cancers. Specifically, a precisely designed peptide nucleic acid (PNA) 
probe attached to gold nanorods in an array targeted the G12V mutation in the KRAS gene 
common in over one third of pancreatic cancer patients. The UV-Vis absorption was then 
benchmarked before running patient serum samples over the chip yielding a red shift in the 
                                                 
38 Zhang, X. J., & Hoshino, K. (2018). Molecular Sensors and Nanodevices: Principles, Designs and Applications in 
Biomedical Engineering. Academic Press. 
39 Marinakos, S. M., Chen, S., & Chilkoti, A. (2007). Plasmonic detection of a model analyte in serum by a gold 
nanorod sensor. Analytical chemistry, 79(14), 5278-5283. 
40 Mayer, K. M., Lee, S., Liao, H., Rostro, B. C., Fuentes, A., Scully, P. T., ... & Hafner, J. H. (2008). A label-free 
immunoassay based upon localized surface plasmon resonance of gold nanorods. ACS nano, 2(4), 687-692. 
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LSPR peaks with ctDNA detection. The workflow for this sensing platform is shown in Figure 2. 
This platform showed a detection limit of ctDNA in serum of 1 ng/ml with a particle sensitivity 
of around 300nm/RIU.41 This limit of 1 ng/ml was found to be clinically relevant for patients 
with Stage II pancreatic cancer and beyond. The overarching goal of this study was to improve 









Figure 2: LSPR-based ctDNA sensor workflow.41 
Project Objectives 
 The future of cancer screening and diagnostics will rely on the detection of low 
concentrations of biomarkers to catch cancer before a tumor becomes visible to medical imaging. 
Therefore, the aim of this project was to re-engineer the plasmonic particles used for 
transduction in the developed ctDNA sensing platform for more sensitive detection at lower 
analyte concentrations. The particles shape, size, and structure were all parameters of interest in 
this investigation. Guiding this study were the following considerations for nanoparticle 
transducer absorbance properties to allow for accurate sensing and scalability:   
                                                 
41 Tadimety A, Zhang Y, Tsongalis GJ, Zhang X. J. Screening circulating nucleic acids  of pancreatic ductal 
adenocarcinoma using a plasmonic nanosensor. J Molec Diagn 2017; 1050 (TT24). 
 8 
1) Peak location sensing range within the wavelength range of 200-1000nm for easy 
sensing with the UV-Vis spectrometer, allowing for future potential point-of-care 
applications 
2) Large enough height-to-width ratio for accurate peak location recognition to allow for  
downstream data analysis and measurement 
3) Highly sensitive LSPR to small changes in the surface refractive index 
(Δλresonance/ΔRIU) compared to current literature values for low-level ctDNA 
detection 
 
Current Literature on Plasmonic Enhancement 
Core-Shell Plasmonic Sensitivity 
As a starting point, a solution to Maxwell’s equations - the Mie solution - is useful in 
describing the scattering of an electromagnetic plane wave by a homogeneous sphere.42,43 While 
the Mie solution is limited to rigid geometric constraints it provides a first-order depiction of the 
optical properties of nanoparticles and helped guide the analysis of other shapes. The derivations 
of the Mie theory equations are quite complex but are well explained in the book Absorption and 
Scattering of Light by Small Particles by Craig F. Bohren and Donald R. Huffman.43 There are 
numerous adaptations of this theory into computational coding languages. The calculations in 
this paper have been performed in MATLAB with functions created by Christian Mätzler.44 An 
implementation of these algorithms can be seen in Appendix C Figure 1 where the extinction and 
                                                 
42 Jain, P. K., Lee, K. S., El-Sayed, I. H., & El-Sayed, M. A. (2006). Calculated absorption and scattering properties 
of gold nanoparticles of different size, shape, and composition: applications in biological imaging and 
biomedicine. The journal of physical chemistry B, 110(14), 7238-7248. 
43 Bohren, C. F., & Huffman, D. R. (2008). Absorption and scattering of light by small particles. John Wiley & 
Sons. 
44 Mätzler, C. (2002). MATLAB functions for Mie scattering and absorption, version 2. IAP Res. Rep, 8(1). 
 9 
absorbance efficiencies are measured in relation to particle radius. These graphs show variation 
in extinction properties with particle size and leveling off of particle absorption. The code for 
these graphs can be found in Appendix C Figure 4.  
Extensive review of localized plasmonic theory showed that dielectric-metal core-shell 
particles exhibit enhanced sensitivity to surface refractive index changes over their solid metal 
counterparts. Figure 3 shows the absorption and extinction efficiencies at varying ratios of 
refractive index from the Mie scattering model discussed above. These plots show much greater 
volatility in the absorption and extinction of gold coated silica particles compared to solid gold 
particles of the same size. This means that there will be a larger changes in the absorption and 
extinction with smaller changes in refractive index from analyte binding for gold coated silica 









Figure 3: Non-dimensional Mie scattering absorbance and extinction for solid gold vs. gold coated silica. 
                                                 
45 Averitt, R. D., Sarkar, D., & Halas, N. J. (1997). Plasmon resonance shifts of Au-coated Au 2 S nanoshells: 
insight into multicomponent nanoparticle growth. Physical Review Letters, 78(22), 4217. 
46 Sun, Y., & Xia, Y. (2002). Increased sensitivity of surface plasmon resonance of gold nanoshells compared to that 
of gold solid colloids in response to environmental changes. Analytical chemistry, 74(20), 5297-5305. 
47 Shabaninezhad, M., & Ramakrishna, G. (2019). Theoretical investigation of size, shape, and aspect ratio effect on 
the LSPR sensitivity of hollow-gold nanoshells. The Journal of chemical physics, 150(14), 144116. 
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 The increased sensitivity can be explained by size-dependent scattering effects on the 
dielectric function because the gold shells are often thinner than the bulk electron mean free path 
of gold. Drude theory predicts that an extra core collision term should be added to the dielectric 
function as follows:48  








        (2) 
Here 𝜀𝑠(𝑎, 𝜔) is the size-dependent dielectric function and 𝜀𝑒𝑥𝑝(𝜔) is the derived 
dielectric material property described above in Equation 1. The remaining terms are related to 
the bulk plasmon frequency of gold (𝜔𝑝), the bulk collision frequency (𝛾𝑏𝑢𝑙𝑘), and a 
modification on the bulk collision frequency that describes the peak widening due to scattering 
(Γ). The width factor can be described by49: 
Γ =  𝛾𝑏𝑢𝑙𝑘 + 𝐴 × 𝑉𝐹/𝑟𝑒𝑓𝑓       (3) 
Where 𝑉𝐹 is the Fermi velocity and A is a geometric-based parameter that depends on the 
derivation being used, with A=1 for Drude theory.49 Lastly, 𝑟𝑒𝑓𝑓  is the shell thickness of the core 
shell structure. Thus, as 𝑟𝑒𝑓𝑓  is decreased, Γ will increase relative to 𝛾𝑏𝑢𝑙𝑘 , producing a phase 
shift between the two terms. This leads to added sensitivity in the dielectric function to changes 
in wavelength, which therefore increases absorbance peak shift distance from particle surface 
refractive index variations. It is for this reason that dielectric-metal core-shell nanoparticles were 
studied in research.  
Au@SiO2 nanoparticles in particular are extremely promising as biosensor transducers 
because of their ease of tunability, biocompatibility, and favorable plasmonic properties. Au-Si 
                                                 
48 Kreibig, U., & Genzel, L. (1985). Optical absorption of small metallic particles. Surface Science, 156, 678-700. 
49 Jain, P. K., Lee, K. S., El-Sayed, I. H., & El-Sayed, M. A. (2006). Calculated absorption and scattering properties 
of gold nanoparticles of different size, shape, and composition: applications in biological imaging and 
biomedicine. The journal of physical chemistry B, 110(14), 7238-7248. 
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core-shell nanoparticles are lower cost than their solid gold equivalents making them an 
attractive replacement. Both silica and gold nanoparticles have been used in a wide variety of 
biomedical applications and have shown compatibility with a variety of biomarkers. 
Additionally, there is a growing body of research around the creation of different geometry silica 
particles,50,51,52 which can be leveraged for plasmonic sensing with a reliable procedure for gold 
coating. This research hopes to open the door for further exploration into different shaped 
plasmonic transducers to optimize biosensing capabilities.  
 
Overview of Current Work 
 The body of research behind the development of enhanced plasmonic transducing 
nanoparticles is growing. Figure 4 shows a table of some of the recent studies of Au and 
Au@SiO2 nanoparticles of a variety of shapes in both experiments and simulations. The 
sensitivity of each particle is listed for comparison.  
 Several of these experiments confirm the theoretical enhancement from using gold shells 
compared to solid particles. Sun et al. showed that hollow gold nanoshells were more than six 
times more sensitive than their solid gold counterparts.53 In their Mie scattering model Jain et al. 
2007 were able to show plasmonic enhancement with Au@SiO2 particles compared to solid gold 
                                                 
50 Hao, N., Nie, Y., Xu, Z., & Zhang, X. J. (2019). Ultrafast microfluidic synthesis of hierarchical triangular silver 
core-silica shell nanoplatelet toward enhanced cellular internalization. Journal of Colloid and Interface Science. 
51 Hao, N., Nie, Y., Tadimety, A., Closson, A. B., & Zhang, X. J. (2017). Microfluidics-mediated self-template 
synthesis of anisotropic hollow ellipsoidal mesoporous silica nanomaterials. Materials Research Letters, 5(8), 584-
590. 
52 Hao, N., Chorsi, H. T., & Zhang, X. J. (2017). Hierarchical lotus leaf-like mesoporous silica material with unique 
bilayer and hollow sandwich-like folds: synthesis, mechanism, and applications. ACS Sustainable Chemistry & 
Engineering, 5(3), 2044-2049. 
53 Sun, Y., & Xia, Y. (2002). Increased sensitivity of surface plasmon resonance of gold nanoshells compared to that 
of gold solid colloids in response to environmental changes. Analytical chemistry, 74(20), 5297-5305. 
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as well as notably improved sensitivity with smaller shell thicknesses.54 Additionally, 
Shabaninezhad et al. and Tam et al. showed greater sensitivity from particles of larger 
dimensions using a discrete-dipole approximation and experimental particles respectively.55,56 
Overall, the highest sensitivities of synthesized particles were from solid gold nanobranches, 
gold-silica nanoprisms, and hematite-gold nanorice with sensitivities of 703nm/RIU, 
737nm/RIU, and 801.4nm/RIU respectively from Chen et al., Banholzer et al., and Wang et 
al.57,58,59 These sensitivity levels set a benchmark for which to compare the particles synthesized 
in this research.  
                                                 
54 Jain, P. K., & El-Sayed, M. A. (2007). Surface plasmon resonance sensitivity of metal nanostructures: physical 
basis and universal scaling in metal nanoshells. The Journal of Physical Chemistry C, 111(47), 17451-17454. 
55 Shabaninezhad, M., & Ramakrishna, G. (2019). Theoretical investigation of size, shape, and aspect ratio effect on 
the LSPR sensitivity of hollow-gold nanoshells. The Journal of chemical physics, 150(14), 144116. 
56 Tam, F., Moran, C., & Halas, N. (2004). Geometrical parameters controlling sensitivity of nanoshell plasmon 
resonances to changes in dielectric environment. The Journal of Physical Chemistry B, 108(45), 17290-17294. 
57 Chen, H., Kou, X., Yang, Z., Ni, W., & Wang, J. (2008). Shape-and size-dependent refractive index sensitivity of 
gold nanoparticles. Langmuir, 24(10), 5233-5237. 
58 Banholzer, M. J., Harris, N., Millstone, J. E., Schatz, G. C., & Mirkin, C. A. (2010). Abnormally large plasmonic 
shifts in silica-protected gold triangular nanoprisms. The Journal of Physical Chemistry C, 114(16), 7521-7526. 
59 Wang, H., Brandl, D. W., Le, F., Nordlander, P., & Halas, N. J. (2006). Nanorice: a hybrid plasmonic 
nanostructure. Nano letters, 6(4), 827-832. 
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Dimensions (nm)  
Diameter (D), Length (L), Shell Thickness (S) 
Method Sensitivity 
Δλ resonance (nm) /ΔRIU 
Source 
Hollow gold nanosphere D = 50, S = 4.5 Synthesized particles 408.8 Sun et al. 
Solid gold nanosphere D = 50 Synthesized particles 60.0 Sun et al. 
Solid gold nanorod D = 40, L = 136 Synthesized particles 491.4 Jain et al. (2006) 
Solid gold nanobipyramids D = 40 ± 2, L = 189 ± 9 Synthesized particles 540 Chen et al. 
Solid gold nanobranches L = 80 ± 14 (center to tip) Synthesized particles 703 Chen et al. 
Solid gold nanodisk D1 = 162, D2 = 340 Synthesized particles 327 Lee et al. 
Hematite-gold nanorice D = 54 ± 4, L = 340 ± 20 Synthesized particles 801.4 Wang et al. 
Gold-silica nanoprisms L = 125, Width = 7, S = 3 Synthesized particles 737 Banholzer et al. 
Silica-Gold nanosphere D = 244, S = 20 Synthesized particles 555.4  Tam et al. 
Silica-Gold nanosphere D = 162, S = 19 Synthesized particles 313.9  Tam et al. 
Silica-gold nanosphere D = 80, S = 4 Mie theory simulation 363 Jain et al. (2007) 
Silica-gold nanosphere D = 80, S = 10 Mie theory simulation 215 Jain et al. (2007) 
Solid gold nanosphere D = 80  Mie theory simulation 129 Jain et al. (2007) 
Hollow gold nanorod D = 40, L = 200, S = 4 Discrete dipole 
approximation 
829.5 Shabaninezhad et al. 
Hollow gold nanorod D = 40, L = 40, S = 4 Discrete dipole 
approximation 
176 Shabaninezhad et al. 
Solid gold nanorod D = 40, L = 200, S = 4 Discrete dipole 
approximation 
615 Shabaninezhad et al. 
Solid gold nanorod D = 40, L = 40, S = 4 Discrete dipole 
approximation 
68 Shabaninezhad et al. 
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Finite-Difference Time Domain Simulations in CST  
 
 CST (Computer Simulation Technology) electromagnetic design software was leveraged 
as an analytical tool to understand the effects of geometry on particle sensitivity. This software 
utilizes a finite-difference time domain simulation to predict the plasmonic resonance properties 
of the tested sphere, ellipsoid, and rod shaped particles. In addition to geometry, several other 
variables, including particle size and shell thickness, underwent analytical testing to better 
optimize the particles for plasmonic biosensing. The boundary condition of simulated particle 
distance from the field monitors was understood to have negligible effects at 300nm and above, 
as shown in Appendix C Figure 2. Therefore, all simulations were carried out at that distance to 
reduce noise in the data. All data was examined using the MATLAB code, shown in Appendix C 







Silica nanoparticle synthesis reagents: 
• Cetyl trimethyl ammonium bromide (CTAB, , ≥99% powder Sigma-Aldrich)  
• Tetraethyl orthosilicate (TEOS, ≥99%, Sigma-Aldrich) 
• Ammonia hydroxide (NH4OH , 28.0-30.0% NH3 basis, Sigma-Aldrich) 
• Ethyl alcohol (EtOH, Pure, Sigma-Aldrich) 
Gold coating reagents: 
• Ethyl alcohol (EtOH, Pure, Sigma-Aldrich) 
• (3-Aminopropyl) triethoxysilane (APTES, 99%, Sigma-Aldrich) 
• Gold (III) Cloride Trihydrate (HAuCl4, ≥49% Au basis, Sigma-Aldrich) 
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• Sodium hydroxide (NaOH, ≥97% pellets, Sigma-Aldrich) 
• Potassium carbonate (K2CO3, ≥98% powder, Sigma-Aldrich) 




Absorbance spectrums were taken using the Tecan Spark 10M Spectrometer. Images of particles 
were obtained with the Thermo Scientific Scios 2 Dual Beam Electron Microscope and the FEI 
Tecnai F20ST FEG Transmission Electron Microscope.  
 
Particle Synthesis  
 
Batch mode synthesis of silica cores was achieved using the well-studied Stöber 
technique during which CTAB acts as a cationic surfactant for silica to bond.60 TEOS was used 
as a silica precursor and ammonium hydroxide provided a source of ammonia as a catalyst with 
the reaction taking place in distilled water (DI). First, CTAB was dissolved in DI and stirred at 
300r/min while ammonia was added dropwise. After 15 minutes TEOS was then added dropwise 
and the mixture was left to react for 3-5 hours. The reaction was then centrifuged at 4000r/min 
and the supernatant was discarded. The resulting product was washed with ethanol twice and left 
overnight at 60-70°C to bake. The particles were then calcinated in the oven for one hour at 
100°C, 200°C, 300°C, 400°C, 500°C, and 600°C. The ratio of these components were crucial in 
controlling particle size and shape. A summary of the synthesized silica core geometries can be 
seen below in Figure 5. Generally increasing CTAB led to geometries of increased aspect ratio 
(length / width) while decreasing ammonia and TEOS would lead to a decrease in particle size. 
                                                 
60 Singh, L. P., Bhattacharyya, S. K., Mishra, G., & Ahalawat, S. (2011). Functional role of cationic surfactant to 
control the nano size of silica powder. Applied Nanoscience, 1(3), 117-122. 
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Figure 5: Summary of silica core synthesis protocols. 
 
There are several techniques that have been developed for grafting gold onto silica.61,62,63 For 
this application we found it best to use APTES grafted silica onto which a gold shell could be 
grown with a two-step approach based on a procedure developed by Phonthammachai et al.64 
Small amounts of gold would first be seeded onto the functionalized silica which would facilitate 
further shell growth through the reduction of small gold nanocrystals onto these seeds using 
NaBH4.64 For APTES attachment, 1.48ml of APTES and 38.7mg of silica nanoparticles were 
added to 19.35ml of pure EtOH and stirred at 300rpm overnight. These functionalized silica 
particles were then grafted with gold seeds by adding 1ml dropwise into a solution of .1092g 
HAuCl4 and 4.5ml 1M NaOH in 45ml DI which was left to stir for 10min at 75°C. The seeded 
product was then centrifuged at 4000r/min, washed twice, and resuspended in 40ml DI. The gold 
                                                 
61 Saini, A., Maurer, T., Lorenzo, I. I., Santos, A. R., Beal, J., Goffard, J., ... & Plain, J. (2015). Synthesis and SERS 
application of SiO 2@ Au nanoparticles. Plasmonics, 10(4), 791-796. 
62 Jang, S. G., Kim, S. H., Lee, S. Y., Jeong, W. C., & Yang, S. M. (2010). Facile synthesis of core–shell and Janus 
particles via 2-D dendritic growth of gold film. Journal of colloid and interface science, 350(2), 387-395. 
63 Graf, C., & van Blaaderen, A. (2002). Metallodielectric colloidal core− shell particles for photonic 
applications. Langmuir, 18(2), 524-534. 
64 Phonthammachai, N., Kah, J. C., Jun, G., Sheppard, C. J., Olivo, M. C., Mhaisalkar, S. G., & White, T. J. (2008). 





Small Sphere  
83.5 ± 4.4 nm 
Sphere 
64.6 ± 5.2 nm 
Short Rod 
93.6 ± 18.7 nm x 
189.6 ± 20.8 nm  
Medium Rod  
142.1 ± 14.3 nm x 
226.6 ± 15.6 nm  
Long Rod 
109.1 ± 9.8 nm x 
422.9 ± 26.3 nm  
Ellipsoid 
69.3 ± 7.9 nm x 
109.5 ± 12.2 nm  
CTAB (g) .1 .08 .25 .25 .4 .15 
H20 (ml) 70 70 70 70 70 70 
Ammonia (ml) 1 .8 1.3 1.5 2.0 1.0 
TEOS .6 .5 .8 .9 1.2 .6 
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nanocrystals for shell growth were produced by adding 12.6 - 12.8mg HAuCl4 to a solution of 
270-290 mg K2CO3 in 100ml DI and left to stir at 300r/min overnight in the dark. Gold seeded 
silica was then added to the small gold particles in a ratio of 1:100 to 1:500 (seeded silica: gold 
nanocrystal by volume). The gold nanocrystals were then grafted onto the seeded particles with 
1.6 - 4.5ml of .0053M solution of NaBH4 added dropwise while stirring at 300r/min to slowly 
reduce the gold onto the silica particles instead of reacting with itself. The overall workflow for 
Au@SiO2 nanoparticle synthesis is represented in Figure 6, and Appendix B Figure 1 shows 
SEM images at various stages for rod, ellipsoid, and spherical particle synthesis. 
Shell growth could be adjusted by varying certain ratios of reactants. Higher ratios of 
K2CO3:HAuCl4 led to smaller gold nanocrystals which decreased particle shell thickness yet 
made the particles less stable. Appendix B Figure 1b) shows SEM images the particles formed 
when this ratio is too low and 1e) shows the respective gold nanocrystals at that ratio.  
Additionally, lower seeded silica: gold nanocrystal proved to allow for more complete shell 
growth but also led to more gold clumping. Lastly, NaBH4 addition above 1.6ml showed 
significant gold reduction onto the seeded particles with drop off beginning at 4.5ml due to 
particle degradation. These findings are consistent with the work of Phonthammachai et al.65  
                                                 
65 Phonthammachai, N., Kah, J. C., Jun, G., Sheppard, C. J., Olivo, M. C., Mhaisalkar, S. G., & White, T. J. (2008). 




Figure 6: Workflow of Au@SiO2 nanoparticle synthesis. 
 
Refractive Index Sensitivity Testing 
 Each of the synthesized particle geometries underwent refractive index sensitivity testing 
in which the particles were pelleted and resuspended in various concentrations of glycerol and 
water. These mixtures acted as a proxy for analyte binding to the nanoparticles by increasing the 
refractive index at the surface. The refractive index of each water-glycerol mixture was 








In this equation n12 is the refractive index of the mixture, n1 is the refractive index of 
water, n2 is the refractive index of glycerol, 𝜑1 is the volume of water, and 𝜑2 is the volume of 
glycerol. The known refractive indices of water (1.3334) and glycerol (1.4746) allow us to 




Figure 7: Refractive indices of glycerol-water mixtures. 
 Adding higher concentrations of glycerol to the synthesized yielded a red shift in the 
LSPR peak. These peak locations were then measured using the MATLAB code in Appendix C 
Figure 3 mentioned previously and plotted against the change in refractive index. The slope of 
this line provides the sensitivity of the particle in Δλ resonance (nm) /ΔRIU. Figure 8 shows the 
absorbance peak shifting as glycerol concentration is increased and the sensitivity plot for the 
synthesized ellipsoid shaped particles. This test was repeated for all of the synthesized particles 
for comparison and shown in Appendix B Figures 2 and 3. 
% Water % Glycerol 
Refractive 
Index 
100% 0% 1.33 
80% 20% 1.36 
50% 50% 1.4 
20% 80% 1.45 
0% 100% 1.47 
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Figure 8: Refractive index sensitivity test for ellipsoid particles. Absorbance spectrum (left) Sensitivity plot (right). 
 
Results & Discussions 
Key Parameters 
The finite-difference time domain model in CST allowed for key particle parameters to 
be tested and analyzed to guide the particle synthesis procedure. Similar to our experimental 
particles, these simulations were performed in varying concentrations of glycerol and water to 
act as a proxy for analyte binding. 
 First, the simulations showed that shell thicknesses below a threshold of 15nm would 
allow for sensitivity enhancement as described by the Mie solutions previously. Above 15nm in 
shell thickness the plasmonic sensitivity behaved similarly to a solid gold particle. Figure 9 
illustrates these findings and shows that as shell thickness is decreased, sensitivity becomes 
larger. This is in agreement with the Drude theory calculations described above, although 1nm 
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the electromagnetic wave pierced through the shell. Therefore, the optimal thickness seemed to 








Figure 9: Simulated effects of shell thickness on particle sensitivity. 
Next, the effect of aspect ratio (length/diameter) for Au@SiO2 nanorods was investigated 
to see how changing a single dimension of a particle might influence its sensitivity. These results 
showed that increased aspect ratios led to enhanced sensitivity shown in Figure 10. The only 
caveat is that increased aspect ratio leads to a red-shifted LSPR that can be outside the UV-Vis 









Figure 10: Simulated effects of aspect ratio on particle sensitivity. 
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 Lastly, sphere, ellipsoid, and rod shaped Au@SiO2 particle behavior were compared in 
CST. Figure 10 shows the general absorbance spectrum shapes for each of these spectrums. Rods 
and ellipsoids showed two modes of resonance for their transverse and longitudinal axis while 
spheres only showed one. These longitudinal modes proved to be more sensitive at 623nm/RIU 
for rods and 461nm/RIU for ellipsoids compared to their transverse peaks of 167nm/RIU, 
281nm/RIU, and 249nm/RIU for spheres. See Appendix A Figures 1-3 for these results. The 
enhanced sensitivity from the longitudinal peaks is consistent with literature and is caused by the 
increased surface area in that dimension leading to a shorter plasmon decay length.66,67 These 
findings were used to guide the synthesis process to create particles of optimal shape, size, and 
structure.  
Figure 11: Absorbance spectrums of sphere, ellipsoid, and rod particles. 
 
 
                                                 
66 Shabaninezhad, M., & Ramakrishna, G. (2019). Theoretical investigation of size, shape, and aspect ratio effect on 
the LSPR sensitivity of hollow-gold nanoshells. The Journal of chemical physics, 150(14), 144116. 




 Through the synthesis technique described spherical, ellipsoid, and rod shaped particles 
were successfully produced for testing.  The rods were produced using the short rod protocol in 
Figure 5 and coated using a ratio of 28.8mg K2CO3:12.6mg HAuCl4 and .1ml seeded silica: 50ml 
gold nanocrystal. These particles were 125nm in diameter x 225nm in length with a 16.5 ± 
4.5nm shell determined by a difference in means for the diameter and length before and after 
coating. Our spheres and ellipsoids were produced using the small sphere and ellipsoid protocols 
in Figure 5 and coated using a ratio of 27mg K2CO3:12.7mg HAuCl4 and 1ml seeded silica: 
100ml gold nanocrystal. The spheres were 123nm in diameter with a 30± 2.5nm shell and 
ellipsoids were 223 x 250 nm with a 70 ± 8.2nm shell. These much larger shell thicknesses were 
mainly due to the larger gold nanocrystals produced by a higher K2CO3:HAuCl4 ratio. Each of 
these particles then underwent sensitivity testing and compared to simulation.  
 A summary of the sphere, ellipsoid, and rod shaped geometry sensitivity tests compared 
to Au@SiO2 and pure gold particle simulations is shown in Figure 11. The synthesized sphere 
and ellipsoid particles underperformed in sensitivity compared to simulations mainly because of 
their large shell thicknesses. In these cases they seemed to also underperform their pure gold 
counter parts likely due to uneven coating, particle size variation, and possible leftover reagents 
in solution. Also of note is that in simulation the longitudinal peak of the ellipsoid and transverse 
peak of the rod outperformed the simulated Au@SiO2. This shows there could be some 
inconsistencies with how these models were set up.   
 The synthesized rod-shaped particles showed extremely favorable plasmonic sensitivity 
in the longitudinal direction of 969nm/RIU. This sensitivity was greater than the 800nm/RIU 
benchmark found in literature showing excellent biosensing potential. This high sensitivity is 
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hypothesized to be attributable to the shell thickness of ~15nm, the aspect ratio of 1.8, and their 
large size. Tam et al. was able to show peak sensitivity enhancement of Au@SiO2 spheres with a 
shell of approximately 20nm from 314nm/RIU to 555nm/RIU by simply increasing the diameter 
from 162nm to 244nm.68 These synthesized rods large size of 125nm in diameter x 225nm in 
length combined with its smaller shell thickness and 1.8 aspect ratio is what likely enhanced its 
sensitivity.  
Figure 12: Summary of particle sensitivities. (A) rods were 125 x 225nm with 16.5 ± 4.5nm shell in experiments and  
80 x 172nm with 20nm shell in simulation. (B) Spheres were 123nm in diameter with 30± 2.5nm shell in experiments 
and 95nm in diameter with a 20nm shell in simulations (C) Ellipsoids were 223 x 250 nm with a 70 ± 8.2nm shell in 










                                                 
68 Tam, F., Moran, C., & Halas, N. (2004). Geometrical parameters controlling sensitivity of nanoshell plasmon 
resonances to changes in dielectric environment. The Journal of Physical Chemistry B, 108(45), 17290-17294. 
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Conclusions & Future Work 
 Four major categories of contributions came out of the study: understanding of plasmonic 
enhancement through core-shell particle structure, design parameters for nanoparticle 
transducers, a fine-tuned synthesis protocol, and highly sensitive Au@SiO2 nanorod transducers.  
1. Experiments and simulations showed that Au@SiO2 particles showed favorable 
plasmonic sensitivity to their solid counterparts, which was confirmed by theoretical 
calculations and current literature. This work hopes to help realize this core-shell 
enhancement for the developed ctDNA biosensing platform.  
2. The finite-difference time domain model allowed us to study new particle geometries of 
Au@SiO2 sphere, ellipsoid, and rods and provided parameters for transducer 
optimization including a shell thicknesses between 5-15nm and increased aspect ratio. 
This tool will be further used for analysis of new geometries and particles in array. 
3. A fine-tuned synthesis protocol was developed for which reagents could be varied to 
control particle shape, size, and shell thickness. This procedure can be expanded to a 
variety of new silica geometries that are being developed in the lab and elsewhere.   
4. Rod-shaped Au@SiO2 nanoparticle transducers showed more than double the 
sensitivity to the previously used gold rods. While these results should be reproduced 
these particles show promise for improving the ctDNA detection limit of the developed 
platform for earlier liquid biopsy cancer recognition and treatment.  
Moving forward studies will be conducted in two main directions. The Au@SiO2 
nanorod synthesis and results will be repeated to show reproducibility of these highly 
sensitive particles. CST will also be used to further help to optimize the shape and size of 
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these rods for biosensing as well as to investigate new geometries.  Additionally, the 
synthesis protocols will be finetuned to reliably synthesize particles of advantageous 
dimensions and shell thicknesses. Simultaneously, the Au@SiO2 nanorods showing high 
levels of sensitivity in this study will be conjugated with PNA probes and tested with patient 
serum samples containing ctDNA. This experiment will show feasibility of these Au@SiO2 
for biosensing as well as hopefully result in a lower concentration detection limit. These 
further experiments will allow for the possibility of applying the studied Au@SiO2 
nanoparticles to pancreatic cancer screening and detection to allow for earlier detection and 

















Appendix A: CST Simulation  
 
Figure 1: Au@SiO2 nanorod plasmonic sensitivity to changes in refractive index of the 
surrounding medium. 172nm length x 80nm diameter including 20nm Au shell (A) Extinction 






































Gold Coated Silica Rod Peak Shift with Refractive Index
Water Eps = 1.77 20% Glycerol 50% Glycerol 80% Glycerol 100% Glycerol
y = 166.91x + 370.36
R² = 0.9994






























Appendix A: CST Simulation  
 
Figure 2: Au@SiO2 ellipsoid plasmonic sensitivity to changes in refractive index of the 
surrounding medium. 86nm length radius x 60nm width radius including the 20nm Au shell (A) 












































Gold Coated Silica Ellipsoid RI Sweep 
Water Eps = 1.77 20% Glycerol 50% Glycerol 80% Glycerol 100% Glycerol
y = 280.83x + 311.52
R² = 0.9985


































Appendix A: CST Simulation  
 
Figure 3: Au@SiO2 sphere plasmonic sensitivity to changes in refractive index of the 
surrounding medium with 100nm diameter including the 20nm Au shell (A) Extinction cross 
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Water 20% Glycerol 50% Glycerol 80% Glycerol 100% Glycerol




























Appendix B: Experiments 
 
Figure 1: SEM images of synthesized particles. 1. Silica rods (a), clumping on silica from high 
K2CO3:HAuCl4 ratio (b), T1 image of Au@SiO2 nanorod (c), seeded rod (d), gold nanocrystals 
(e), ETD image of Au@SiO2 nanorod. 2. Silica ellipsoid (a), multiple silica ellipsoids (b), ETD 
image of Au@SiO2 nanoellipsoid (c). 3. Silica spheres (a), Au@SiO2 nanosphere (b), multiple 












2a) 2b) 2c) 
3a) 3b) 3c) 
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Appendix B: Experiments 
 
Figure 2: Synthesized Au@SiO2 nanorod plasmonic sensitivity to changes in refractive index of 
the surrounding medium with 125nm diameter x 225nm length x 16.5 ± 4.5nm shell (A) UV-Vis 
absorption (B) Sensitivity plot (Note water and 20% glycerol peaks were carefully measured 
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Appendix B: Experiments 
 
Figure 3: Synthesized Au@SiO2 sphere plasmonic sensitivity to changes in refractive index of 
the surrounding medium with 123nm in diameter with 30± 2.5nm shell (A) UV-Vis absorption 
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Appendix C: Supporting Materials 
 




















Figure 2: Variation of distance between center of Au-Si core-shell nanorod and field monitors to 
check boundary conditions. 132nm length x 40nm diameter x 20nm Au shell in air (A) 
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Appendix C: Supporting  
 
Figure 2: MATLAB code for CST data analysis 
%Russell Beckerman 
%Honors Thesis: Shape Effects of Gold Coated Silica Nanoparticles on Circulating DNA Screening 
%CST Peak Finder 
%Objective: Import CST Simulation data from excel and find the wavelength 





%Import excel file and load correct sheet 
prompt = 'What is the name of your file? (Do not forget the .txt) '; 
file = input(prompt,'s'); 
prompt = 'What is the name of your sheet? '; 
sheet = input(prompt,'s'); 
f = xlsread(file,sheet); 
 
%Column index in plotting array for exctinction values in each simulation 
yi = 2; 
%Row index in plotting array for wavelengths and exctinction values 
xcount = 1; 
%Signals when a new data set is being read 
sig = 0; 
%initialize plotting array 
p = length(f); 
 
%Iterate through all of the rows in excel sheet 
for i = 1:length(f) 
    %Checks if cells are not numbers 
    if isnan(f(i,1)) 
        %Checks if new data set 
        if sig == 1 
            %Resets sig to not count other non-numbers as new data 
            sig = 0; 
            %Indexes to the next two columns of the plotting array 
            yi = yi + 2; 
            %Resets the row index to first row of plotting array 
            xcount = 1; 
        end 
    else 
       %Enters wavelength and extinction value into plotting array 
       p(xcount,yi-1) = f(i,1); 
       p(xcount,yi) = f(i,2); 
       %Signals new data set 
       sig = 1; 
       %Iterates to next row of plotting array 
       xcount = xcount + 1; 




%Plot data and best fit curve and find peak wavelengths 
figure(1) 
%Iterates through all data sets 
for j = 1:2:yi 
    hold on 
    %Fit curve to data values using smoothing spline method 
    [fitresult, gof] = fit(p(:,j),p(:,j+1),'smoothingspline','SmoothingParam',0.1); 
    %Wavelength array with higher resolution 
    xf = p(1,j):.1:p(end,j); 
    %Extinction values for wavelength array input in smoothing spline curve 
    yfitted = feval(fitresult,xf); 
    %Plot data and fit curve 
    plot(p(:,j),p(:,j+1),'.',xf,yfitted) 
    %Find the peak of smoothing spline curve and wavelength location 
    [pk,loc] = findpeaks(yfitted); 




ylabel('Exctinction Cross Section') 




























Appendix C: Supporting Material 
 
Figure 3: MATLAB code for Mie theory analysis 
%Russell Beckerman 
%Honors Thesis: Shape Effects of Gold Coated Silica Nanoparticles on Circulating DNA Screening 
%Mie Plots 






%Simulate changes in non-dimensional particle length 
x = [0:.1:50]; 
n = 1.44/1.76; 
qext = zeros(length(x),1); 
qabs = zeros(length(x),1); 
%Record extinction and absorbtion efficiency values 
for i = 1:length(x) 
    f = Mie(n,x(i)); 
    qext(i) = f(4); 
    qabs(i) = f(5); 
end 
 




xlabel('Radius*k0 (k0 = wavenumber in ambient medium)') 
ylabel('Extinction Efficienciy') 
title('Extinction Efficienciy with Varying Radius') 
subplot(2,1,2) 
plot(x,qabs) 
xlabel('Radius*k0 (k0 = wavenumber in ambient medium)') 
ylabel('Absorbance Efficienciy') 
title('Absorbance Efficienciy with Varying Radius') 
 
%Simulate whole and core-shell spheres of constant outer shell dimensions 
ngold = .277; 
nsilica = 1.44; 
nwater = 1.76; 
x1 = 50; 
x2 = 40; 
n1 = linspace(.5,1.5,50); 
qext1 = zeros(length(n1),1); 
qabs1 = zeros(length(n1),1); 
qext1c = zeros(length(n1),1); 
qabs1c = zeros(length(n1),1); 
%Record extinction and absorbtion values at different refractive indices 
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for i1 = 1:length(n1) 
    f1 = Mie(ngold/nwater*n1(i1),x1); 
    f2 = Miecoated(nsilica/nwater*n1(i1),ngold/nwater*n1(i1),x2,x1,1); 
    qext1(i1) = f1(4); 
    qabs1(i1) = f1(5); 
    qext1c(i1) = f2(4); 
    qabs1c(i1) = f2(5); 
end 
 




xlabel('Refractive Index Ratio') 
ylabel('Extinction Efficienciy') 




xlabel('Refractive Index Ratio') 
ylabel('Absorbance Efficienciy') 
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